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 Since the discovery of carbon nanotubes (CNTs), both theoretical and experimental studies have revealed their 
outstanding characteristics. The strain sensitivity of their electronic properties is one of their unique characteristics. Theoretical 
studies have revealed that the band gap of CNTs changed drastically caused by both axial and radial strain. Experimental 
studies have shown that the gauge factor of CNTs exceeds 2900, approximately 30 times more sensitive than the silicon strain 
gauge,  where the gauge factor is the ratio of fractional change in electrical resistance to the applied strain. Therefore, many 
efforts have been made to develop highly-sensitive strain sensors using CNTs. Among these strain sensors, 2D 
(Two-dimensional) tactile sensor consisting of arrayed aligned-CNT bundles have been expected to be applied to the 
standardization and automatization of the medical treatment. Although previous studies have revealed that the gauge factor of 
CNTs-based 2D strain sensor exceeds 100, which should be caused by the buckling deformation of CNTs under uniaxial 
compressive strain, their gauge factor was fluctuated from 0.44 to 100 among samples. Therefore, the understanding of the 
strain dependence of the electronic properties of CNTs is indispensable for assuring the stable performance of the CNTs-based 
strain sensor. In addition, in any CNTs-based electronic devices, electronic properties of CNTs should be fluctuated due to the 
thermal change, lattice mismatch, or external strain field. Thus, to predict the change of device performance in use, the 
electronic properties of deformed CNTs should be understood in detail. In spite of these demands, the effect of local strain field 
such as buckling deformation on the electronic properties of CNTs still remains unclear because of the lack of systematic 
studies. Therefore, the method for predicting the electronic structure of CNTs under uniaxial compressive strain field was 
analyzed in detail in this study. 
 The effect of homogeneous axial strain is well known in the context of ``zone-folding'' method. In the context of 
zone-folding method, the electronic band structure of CNTs can be obtained from the one of graphene. Since the CNT has a 
periodic structure along the circumferential direction as well as the longitudinal direction, the allowed wave vector of CNT 
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appear as parallel lines, so-called cutting lines (CLs), in the reciprocal space of graphene. In the pristine state, the Fermi point of 
graphene, at which the valence band and the conduction band cross linearly, is located on the vertex of the hexagonal Brillouin 
zone (BZ) of graphene. When a uniaxial strain is applied to the CNT, the Fermi point is displaced while the BZ and the CLs do 
not move relatively. Here, the band gap of CNT is approximately proportional to the distance between the Fermi point and its 
nearest CL, and hence the band gap of CNT is modified by applying the uniaxial strain. 
 On the other hand, the effect of radial strain on the electronic properties of CNTs is obscure. Previous studies revealed that 
plural factors cause the change in electronic properties under radial strain field: the interaction between facing atoms, the 
symmetry breaking, the change in bond lengths, and orbital hybridization. Previous studies also suggest that orbital 
hybridization mainly dominate the electronic properties of CNTs when they are radially deformed. Therefore, the evaluation of 
the strength of the orbital hybridization is indispensable for understanding the effect of buckling deformation. In chapter 2, a 
structural factor, dihedral angle, the angle between π orbital axis vector of adjacent atoms, is proposed to be used for evaluating 
the strength of orbital hybridization. Since σ-π orbital hybridization is enhanced as the increase in the dihedral angle, the 
dihedral angel can represent the strength of orbital hybridization. Since radial deformation is induced around the buckling area, 
homogeneous radial strain field is analyzed in chapter 2. Firstly, the change in electronic structure of CNTs is discussed in 
terms of the spatial distribution of state densities analyzed by using density functional theory (DFT). It is found that the change 
in the electronic properties of CNTs under radial strain is dominated by the change in conduction band not by the one in 
valence band. In addition, the state energy in the conduction band is decreased due to the localization of its state density 
distribution in high curvature region. Regardless of the chirality and the initial band gap, the band gap starts to decrease when 
the dihedral angle exceeds 30°. These results indicate that the change in electronic properties caused by orbital hybridization 
can be predicted by using the dihedral angle.  
 Furthermore, to deeply understand the mechanism of the localization of the state density and the decrease in its energy, the 
strength of orbital hybridization in CNT under radial strain is analyzed by using extended tight-binding (ETB) approach. In this 
ETB approach, pz orbital vector is set to the same as π orbital axis vector of each atom. This method enables to analyze the 
strength of σ-π orbital hybridization which is defined as PDOS(pz)/DOS(total), where PDOS(pz) and DOS(total) are partial 
density of state (PDOS) of pz orbital and total DOS, respectively. The analysis results revealed the detail procedure of the 
orbital hybridization; (a) when a radial strain is applied to a CNT, σ*-π* orbital hybridization is induced in conduction band. (b) 
σ*-π* orbital hybridization causes the localization of state density in the high curvature region which causes the decrease in its 
energy.  
 In chapter 3, the effect of uniaxial compressive strain on the electronic properties of metallic CNT is analyzed. The 
electronic transport properties of metallic (9, 0) CNT of the length of 10 nm is analyzed by using Green's function method 
based on ETB approach. This chapter revealed that buckling deformation causes the increase in the dihedral angle, and thus the 
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localization of DOS in the buckling area. The localization of DOS due to buckling deformation causes a sudden suppression in 
the conductance in corresponding energy. As a result, the buckling deformation increase electrical resistivity of CNTs 
drastically. In addition, the analysis in this chapter also shows that the strain sensitivity of the current through deformed CNTs 
depends on the bias voltage. Therefore, the optimization of measurement conditions is indispensable for obtaining the strain 
sensitivity. 
 Analysis by using molecular dynamics (MD) simulation have shown that when a large uniaxial compressive strain (≈ 
50%) is applied to a CNT (length: ≈ 20 nm), point defects are introduced in edge regions of buckling area. Therefore, in terms 
of the repeatability of the strain sensor and the defect control, the effect of vacancies on the strain sensitivity of CNT is 
analyzed in chapter 4. This chapter revealed that since the local strain is relaxed due to the existence of vacancies, the increase 
rate of the dihedral angle is suppressed as the increase in the number of vacancies. As a result, the change in electronic 
properties of CNTs with vacancies also can be predicted by using dihedral angle although the detail process of the change in its 
electronic property is complicated because of the existence of vacancies,  
 The important findings from this thesis for the development of the 2D tactile CNT sensor is as follows. 
1. The change in electrical resistance of CNTs caused by buckling deformation can be predicted quantitatively by analyzing 
the distribution of the dihedral angle. 
2. For assuring the stable performance and the highly sensitivity of the sensor, 
i) optimization of measured bias voltage 
ii) control of the density of vacancies 
iii) securement of the distance between the facing layers (> 3.5 Å) 
are indispensable. 
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